In agreement with the conclusion of Harbury et al., the results of the Pasteura 1, 02-093 Warsaw simulations indicate that the pattern of hydrophobic and hydrophilic Poland residues alone is insufficient to define a protein's three-dimensional structure. In addition, these simulations indicate that the degree of chain association is determined by the balance between specific side-chain packing preferences and the entropy reduction associated with side-chain burial in higher-order multimers.
Introduction
The biological importance and inherent structural simplicity of coiled coils have made them the object of increasing attention. They are important structural proteins (Phillips et al., 1986) and comprise a key motif of DNA (Ferre-D'Amare et al., 1993; O'Shea et al., 1991) and RNA (Banner et al., 1987; Cohen & Parry, 1986) binding proteins. Their native structure consists of two or more helices wrapped around each other with a left-handed, helical supertwist (Crick, 1953) . Coiled coils exhibit a characteristic seven residue repeat (abcdefg) n (Hodges et al., 1981; McLachlan & Stewart, 1975) . Positions a and d are mostly occupied by hydrophobic residues and form the interface between helices. Positions b, c, e, f and g are hydrophilic, with g and e being charged (Cohen & Parry, 1990; Hodges et al., 1981) . Residues occupying the g and e positions are believed to play a role in defining the mutual orientation of the helices. Furthermore, since coiled coils are the simplest examples of quaternary structure, they represent a very useful model system for exploring the factors responsible for the stability and specificity of oligomeric structures. In this context, Harbury et al. (1993) simultaneously substituted the four a residues of the GCN4 leucine zipper (Val9, Asn16, Val23 and Val130) and the four d residues (Leu5, Leu12, Leu19 and Leu26) by Leu, Ile and Val. All peptides were found to be more than 90% helical, and their oligomerization states were determined by equilibrium ultracentrifugation and gel filtration. The modified peptides were named according to the identity of the residues in the a and d positions (e.g. LI stands for the mutant with Leu (Ile) in all four of the a (d) positions). The IL mutant and the wild-type populate dimeric species; II, LL, LV are trimeric, and LI is tetrameric. The VL mutant populates both dimeric and trimeric species, and the VI mutant populates multiple species.
The goal of this paper is to extend our previous predictions of the folding pathway and structure of the wild-type GCN4 leucine zipper (Vieth et al., 1994a) to calculate the equilibrium constant between different oligomeric species. The most straightforward method would be to simulate the oligomerization process directly, following the basic ideas used for the prediction of structure and folding pathways of the GCN4 leucine zipper dimer (Vieth et al., 1994a) . However, the computer time required for the simulation of a number of chains leading to the formation of a oligomerization state greater than dimers is well beyond our computational resources. 
Method
An overview of the entire simulation methodology is presented in Figure 2 . The lattice model we use for the estimation of the equilibrium constants is based on an a-carbon representation of the protein backbone and a multiple rotamer, single ball representation of the side-chains (Kolinski & Skolnick, 1994a,b) . The entire parameter set for the force field, together with the scaling factors for the different energy terms and their description, is available by anonymous ftp (Vieth et al., 1994b) .
Lattice model of proteins

Geometric representation and move set
The protein model used for these studies is based on an a-carbon representation of the protein backbone and a single sphere, multiple rotamer representation of sidechains. A schematic representation of the model protein chain is shown in Figure 3 . a-Carbon atoms are placed on an underlying cubic lattice with a grid spacing of 1.22 Å and are connected by a set of vectors of the type 1.22* 4(2,2,0), (2,2,1), (3,0,0), (3,1,0), (3,1,1)5 . Thus, there are a total of 90 possible ways of choosing a vector connecting two consecutive a-carbon atoms. There are some restrictions for two or three consecutive vectors that prevent non-protein-like conformations of the backbone. Two consecutive C a -C a vectors must have their valence bond angle in the range 72.5°to 154°. Three consecutive C a -C a vectors are allowed if the length of their sum is larger than 4.05 Å . These restrictions lower the total number of three consecutive vector occurrences (90 3 ) by roughly 60%. The inherent geometric resolution of this lattice is very high; crystal structures from the Brookhaven Protein Data Bank (PDB) can be projected onto the lattice with an average root-meansquare deviation, RMSD of 0.6-0.7 Å (Godzik et al., 1993a) .
The Monte Carlo move set, depicted schematically in Figure 4 , consists of two bond moves, three bond rearrangements, small shifts of larger chain pieces, chain ends modifications and rotamer equilibration. Since the object of the present study is the examination of fluctuations about assembled structures, rigid body shifts of the individual chains (used in the folding of the GCN4 leucine zipper to speed up the assembly process) were not used. One Monte Carlo ''time'' cycle for this system is defined as (N − 2)*M two bond moves, 2*M two bond moves, M shifts of the chain pieces, and M*(N − 3) three bond moves, where M is the number of chains, which varies from 2 to 4 and N is the number of a-carbon atoms. A typical simulation run consisted of 180,000*M cycles.
Statistical potential extracted from high resolution structures from PDB
With two minor exceptions, the interaction scheme used for the lattice model of coiled coils is identical to the one described in a recent paper (Vieth et al., 1994a) for the de novo folding of GCN4 dimers. A 6 kT penalty for too many contacts for a given residue, designed to prevent aggregation in unstructured clusters, was not used here. On examining trimers and tetramers, we found that the number of contacts exceeded the thresholds employed in the folding experiments. However, even when this term is deleted, the folding of the GCN4 leucine zipper from a pair of random chains still occurs, but the folding process is somewhat slowed down. We also abandoned the harmonic In addition, the folding process would need to be repeated hundreds of times to be statistically significant. Thus, we have opted to develop a methodology that assumes a spectrum of parallel and antiparallel oligomers and attempt to estimate the equilibrium constants within the set of assumed species (schematically shown in Figure 1 ). The methodology proposed for accomplishing this is based on a new application of the classical Mayer and Mayer statistical mechanical approach (Mayer & Mayer, 1963) . The basic idea presented here is to use a computer simulation to obtain the variables necessary for the statistical mechanical treatment. Most importantly, the method presented below allows us to identify, in the context of the model, the dominant interactions responsible for the quaternary structure of coiled coils. To achieve this identification, the method assumes that the energy landscape is such that there are distinct minima corresponding to different, bound oligomerization states (dimers, trimers or tetramers, which may be either parallel or antiparallel) and that the barriers between them are large enough to be considered effectively infinite. For each mutant, every oligomer is generated and subjected to unrestrained, isothermal Monte Carlo simulations under conditions (energy function, temperature) identical to those for which the wild-type GCN4 leucine zipper was refined (Vieth et al., 1994a) . Then, the partition functions for each mutant in every oligomeric state are calculated and the most populated species are assigned for the relevant chain concentration.
restraint between centers of masses of the side-chains used to regulate the concentration of chains in the folding experiments.
The interaction scheme is derived in the same spirit as that of , but with some differences and improvements in the energy terms. Apart from a larger database used for the derivation of all of the statistical terms in the potential, the major difference arises from the use of a different burial term (coiled coils do not have spherical geometry; thus, the centrosymmetric burial potential used for single domain globular proteins cannot be used) and a slightly different description of the short range interactions. The local effective Ramachandran potential (that depends on the chirality and the end-to-end distance of three consecutive vectors) is now residuedependent. In addition, the term describing local side-chain orientations depends on the angular correlation of neighboring C a -C b groups (rather than on the C a -side-chain center of mass orientations used in the original treatment of for globular proteins). Both changes act to provide sharper interfaces between secondary structural elements. Nevertheless, both factorizations of the local conformational propensities yield very similar results when applied to the folding of Rop monomer, protein A and crambin . Furthermore, the backbone-dependent rotamer library used for all coiled coil studies is an improved version of the rotamer library reflecting better statistics in the larger database. Based on the folding of the Hodges' sequences (Hodges et al., 1981) and a test of the dynamic stability of assembled dimers, slightly different scaling factors for the different energy terms were chosen to keep the helix content of the non-interacting chains below 50%, as well as to maintain a proper balance of the short-range and long-range interactions. The scaling factors for all of the coiled coils systems studied below are the same as in the previous work on GCN4 leucine zipper folding (Vieth et al., 1994a) .
The entire interaction scheme can be subdivided into short and long-range interactions. By short-range, we mean local conformational preferences of neighboring residues along the sequence. Similarly, by the term long-range interactions, we mean all interactions that are at least four residues apart. The entire potential (with the exception of the hydrogen bond term) is based on a statistical analysis bonds (proline is an exception and can participate in only one hydrogen bond), and there is no directionality (donor-acceptor) in the scheme. Two residues i, j are considered to be hydrogen-bonded if they satisfy the following distance and orientational criteria:
where rij is the vector connecting the a-carbons of residues i and j, and the bk (k = i − 1, i, j − 1, j ) are the corresponding bond vectors which are shown in Figure 5 . This model hydrogen bond, which is very similar in spirit to the Levitt-Greer (1977) method of secondary structure assignment, reproduces about 90% of the main-chain hydrogen bonds as assigned by the Kabsch-Sander (1983) program for real proteins. An explicit cooperativity is also introduced into the hydrogen bond scheme. When two neighboring pairs of residues are hydrogen bonded, the system gets an additional favorable energy (cooperativity). The hydrogen bond contribution to the potential can be expressed as follows:
where E H = − 0.6 kT is the hydrogen bond energy, E HH = − 0.75 kT is the cooperativity energy. dij = 1(0) if residues i and j are (not) hydrogen bonded.
Effective Ramachandran potential
This sequence-specific part of the potential is introduced to correct the lattice distribution of C a i -C a i+3 distances so that they reflect a protein-like distribution of local conformations. Consider a set of three consecutive bond vectors bi−1, bi and bi+1; see Figure 6 . Then let
where X = sign4(bi−1 × bi )·bi+15. The potential we employ depends on both R i 14 , which is amino acid pair-specific as well as a generic propagator term that depends on the of a set of high resolution crystal structures from the PDB database. The list of the structures used in the derivation of the potential is provided in Table 1 . In what follows, the individual terms are presented in detail. All parameters are available via anonymous ftp (Vieth et al., 1994b ).
Short range interactions: hydrogen bonds
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Figure 5. Schematic representation of the hydrogen bond scheme. Geometric criteria used for assessment of whether residues i and j are hydrogen bonded. bi−1 (bj−1) represents bond vectors connecting residues i − 1 and i (j − 1 and j ). rij is the distance between a-carbon atoms of ith and jth residues (see equation (1a)). Broken lines represent hydrogen bonds between extended pieces of the chain. Shaded lines represent helical hydrogen bonds. the side-chain center of mass. The set of allowable conformations for the side-chains associated with the ith C a depends on the virtual bond angle between backbone bonds bi−1 and bi , ui . Different residues have a different number of rotamers, whose number ranges from one for alanine to 21 for some backbone conformations of arginine. The maximum number of rotamers for different residues are shown in Table 3 . The energy of a given rotameric state for a given residue Er , depends on its relative population in the database. The total rotameric energy is
where the scaling factor for the rotamer energy is 0.5.
Local side-chain of orientational preferences
We also employ an energetic term that specifies the different relative orientational preferences of neighboring C a -C b vectors. Since the position of the C b atoms are determined from the position of two backbone vectors (Rey & Skolnick, 1992) , this contribution to the potential depends only on the backbone conformation; it is, however, amino acid pair-specific. Its functional form is as follows:
where cos ai,i+k is the cosine of the angle between the C a -C b vectors of residues i and i + k, Ai , Ai+k are the identities of the corresponding residues (see Figure 7) . Eb is the residue-specific side-chain orientational coupling energy. The scaling factor for this part of the potential is 1.0.
Long-range interactions: burial energy
If the number of side-chain contacts (defined below) for a given residue is greater than a residue-dependent burial depends on the conformation states of R i − 1 14 and R i 14 , but because of poor statistics, this term is amino acid-independent.
Ai is the type of amino acid located at residue i. For each pair of amino acids, E14 is divided into 12 discrete bonds, whose relationship to more standard secondary assignments is summarized in Table 2A . Similarly, the residue-independent coupling energy E14=14, whose values are presented in Table 2B , is a 12 × 12 asymmetric matrix that describes the average energy of R i 14 given that it has been preceded by R i − 1 14 .
Side-chain rotamer energy
A side-chain rotamer library has been constructed which is similar in spirit to that presented by . With the obvious exception of glycine, each side-chain is represented by a single point located at R14 value shows the square of the end-to-end distance for three consecutive vectors in lattice units. The chirality is considered to be left-handed, if for the consecutive vectors bi−1, bi , bi+1 (bi−1&bi )·bi+1 is less than zero; otherwise it is right-handed. threshold, this residue is considered to be buried; for a given residue type, such a conformation is considered to be the zero of burial energy; whereas, when a residue is unburied, it has energy, Eunbur. The energies of the unburied states of the 20 naturally occurring amino acids, together with their burial thresholds, are presented in Table 3 . The total one-body burial energy is given by:
B. Energies E14=14 (R
where ncon(Ai ) describes the number of side-chain contacts for residue i. The scaling factor for the one body term is 0.5. The top panel shows the case when the pair has an attractive basin, and the bottom panel depicts the case when residues i and j have a repulsive basin. The outer shell represents the basin which may be attractive or repulsive, depending on the identity of the pair of residues. uj is the vector connecting residues j − 2 and j + 2 and uj = rj+2 − rj − 2. near 20°(the minimum value of f occurs at a perpendicular orientation of the interacting chains and is 0.22 of the maximum value) . Specifically,
where rk (k = i + 2, i − 2, j + 2, j − 2) is the position of the kth a-carbon. This term serves to mimic the side-chain nestling seen in real proteins (preferential packing angle for structural fragments of real proteins). The scaling factor for the pairwise interactions in all coiled coil simulations is 5.0.
Cooperative pairwise interactions
In order to introduce the possibility of a cooperative transition from a molten globule-like state (having poorly defined side-chain packing) to the native state (having well defined side-chain packing), cooperative pairwise interaction templates were introduced. This class of terms attempts to account for the possibility of specific side-chain packing patterns, as well as for interactions which are not readily described in a reduced model. While these terms can magnify the interactions between well defined secondary structure elements, they do not favor any particular kind of secondary structure. The packing template contribution to the potential is given by:
where dij , and di+k,j+n equal 1(0) when two specific pairs of residues i, j and i + k, j + n are (not) simultaneously in contact. The scaling factor for this ''template'' interaction is 4.25.
Total energy of the system
For all of the simulations in the present work, the reduced temperature, Tred, (used to determine acceptance ratio of the moves via a standard asymmetric Metropolis scheme (Metropolis et al., 1953) ) was set to 1.85. This temperature was chosen because in the original folding simulations of GCN4, this corresponded to native conditions. The total energy of the entire system is given by:
Because the scaling factors of the energy terms used in this study are obtained by parameterization of the model on a generic coiled coil sequence (Hodges' peptides (Hodges et al., 1981) ) and also worked reasonably well for the GCN4 leucine zipper dimer, we conjecture that the entire energy function might provide a plausible estimation of the relative stability of coiled coils. Whether or not this conjecture is true forms the basis of the investigations described below. We do, however, note that statistical potentials have provided a rationalization of the relative stability of a number of mutations in phage T4 lysozyme (Godzik et al., 1993b) . Furthermore, the frequency of occurrences of charged residues obeys Coulombs law, albeit with a too high dielectric constant (Bryant & Lawrence, 1991) . Thus, the ability of such statistical potentials to provide qualitative insight into relative protein stability is not without precedent.
Pairwise potential
When the distance between side-chain centers of masses between two residues i and j, rij , (=i − j = > 3) is less than a residue-dependent threshold value, Rij , residues i and j are defined to be in contact. The total pair energy of all such contacting pairs is
where the geometry is depicted in Figure 8 . R rep ij is the threshold value for the onset of the soft core repulsion. It is amino acid pair-specific and is of the order of 0.4Rij . Erep is the inner core repulsion value (6 kT ), eA i , A j is the pair potential between amino acid type Ai and Aj ; the 20 × 20 matrix for eA i , A j is shown in Table 4 . aij is a scaling factor for the relative interaction strength of residues i and j, with a = 0.6 if =i − j = = 5, 6, and a = 1 otherwise. This serves to avoid the problem of non-physical local clustering of side-chains. f is a scaling prefactor which depends on the orientation of two backbone fragments containing two interacting residues and is peaked at relative orientations 
Protocol for extracting the equilibrium constant from a simulation
In order to compare with experiment, we have to calculate the equilibrium constants associated with the dimer, D, trimer, T, and tetramer, R, species.
The equilibrium constants (McQuarrie, 1976) are:
with 4D5, 4T5 and 4R5 the concentration of dimer, trimer and tetramer, respectively. The total concentration of individual chains, C0 (expressed in molecules/Å 3 ) is given by:
Let us define the fraction of the dimers, trimers and tetramers by:
Substituting xD, xT, xR to equations (4a), (4b), (4c) we get:
Since equations (5b) to (5d) comprise three equations in three unknowns (xD, xT, xR), these equations can be solved numerically (Press et al., 1993) , once the corresponding equilibrium constants are known. From the statistical mechanical point of view, the equilibrium constants from equations (4a) and (4b), (5b) and (5c) are defined as (Fowler & Guggenheim, 1960); Herschbach, 1959; Mayer & Mayer, 1963) :
with V the total volume of the system and sg is the symmetry number (s = 2!, 3!, 4! for homo dimers, trimers and tetramers, respectively). Zg ( = VZp,gZint,g ) is the partition function (or phase integral) for species g ( = D, T, R) and is defined as (Herschbach, 1959; Mayer & Mayer, 1963) :
with H being the total Hamiltonian of the system (the sum of the kinetic and potential energy), h is Planck's constant and 4pi 5, 4xi 5 are the momenta and coordinate degrees of freedom. Zp,g and Zint,g are the integrals corresponding to integration over the momenta and internal coordinate degrees of freedom (also called the internal partition function) for oligomer g, respectively. Furthermore, there is a factor of V in equations (6a) and (6b) that comes from the coordinate integration over the translational degrees of freedom of the chain (Davidson, 1962; Herschbach, 1959) . The integration over the momenta, Zp,g, is of the form:
Since the number and the mass of atoms remains constant in reactions (3a) and (3b), these contributions cancel. Let us note a number of facts associated with this approach. The equilibrium constants (equations (4a), (4b), (5b), (5c), (6a) and (6b)) are independent of concentration of the individual chains and are functions of temperature alone. However, the relative populations of the species (xD, xT, xR) are concentration-dependent. Due to the loss of the translational entropy, the lower the concentration C0 is, the higher is the population of the lower order oligomers. At infinite dilution, only monomers will be present.
Calculation of the internal partition function
The treatment we propose allows one to calculate the internal partition function for any bound state separated from other distinct states by large energy barriers. It is, in principle, exact for any model (continuous or discretized) assuming that adequate conformational sampling is possible. Consider a system comprised of 3Ng coordinates. Here, Ng corresponds to the number of distinct structural elements: in our case, the number of C a atoms and side-chain centers of mass. The probability of having a conformation (with the first group fixed in space) inside a 3Ng − 3 dimensional volume element centered about r = (r2, r3, r4, . . . , rN g ) is
E(r) denotes the energy of the internal conformational state r, k is Boltzmann's constant, and T is the temperature. Equation (7a) can be used to precisely calculate the internal partition function Zint,g, provided that the corresponding probabilities can be obtained (e.g. from a Monte Carlo simulation). Now, let us concentrate on the derivation of the Pu (r). We begin the treatment by fixing the origin at the coordinates of the first C a (Davidson, 1962; Herschbach, 1959) . The coordinates of the second C a are expressed in a spherical coordinate system, (R2, u2, f2), whose origin is at the first C a . Similarly, the third C a is expressed in terms of coordinates (R3, u3, f3) expressed with respect to an origin located at the second C a . The configurational partition function is independent of (u2, f2, f3), which comprise three Euler angles. The probability of seeing a specific value of (u2, f2, f3), P(u2)P(f2)P(f3), is just 1/8p 2 (Herschbach, 1959 . Thus, Pu (r2, r3, r4 , . . . , rNg) is given by:
The probability calculated from the Monte Carlo simulation, P(r), has to be corrected for the fact that only a portion, V, of the entire range of Euler angles is sampled during the course of the simulation. Thus, P(r) is given by:
Substituting equation (7c) into (7b), gives the probability that the system is free to assume all possible orientations of (u2, f2, f3):
For all of the simulations, we calculate QMC (the correction term for sampling a limited range of rotations) as the average number of observed two consecutive C a -C a vectors divided by the total number of possible two consecutive C a -C a vectors. In all cases, this number is close to 1/80, and for simplicity, we can assume that our simulations sample a unique orientation of the molecule in space (that is, QMC11/8p
2 ). In the Monte Carlo (Binder, 1986; Metropolis et al., 1953) method, the canonical distribution of stages is obtained by Markovian sequence in which the ratio of the probabilities between two conformational states r and r' are given by:
Thus, by calculating the fraction of time a system spends in a given state (r) a dynamic Monte Carlo method provides P(r). From equations (7a) and (7d) we get:
with r = (r2, . . rN g ) (8a)
Note that r can be any conformational state. However, in what follows, due to the better statistics, the most probable state is used (the state visited most frequently). This approach has the advantage of being exact even for functions having multiple minima on an anharmonic energy landscape (Vieth et al., 1995) , provided the sampling is efficient. In practice, for systems having substantial conformational fluctuations, the probability P(r) cannot be reliably calculated due to the poor sampling statistics. This requires that a number of simplifying approximations be made.
Local volume factorization
To enrich the sampling, the probability P(r) of the entire structure being in the 3Ng − 3 dimensional volume element (centered about the most probable conformational state) is approximated as the product of the Ng − 1 independent probabilities that each group is in a three-dimensional box centered around its most probable state. That is,
P(r)3t
Equation (8b) is referred to as the local volume factorization approximation. The name comes from the choice of internal Cartesian coordinates that are used to calculate the individual probabilities. The individual probabilities are defined in a similar manner to the total probability:
where ri,max denotes the most probable position of ith group and (Dr) 3 = dvi . The choice of the first bead as the origin of our internal coordinate system is arbitrary, and to remove this arbitrariness, the total probability P(r) (equation (8b)) is better approximated as the product of Ng independent probabilities divided by their geometric mean:
Pi,max(ri )
(If P(r) were calculated exactly, the results would be independent of the choice of origin). The most probable position of the ith group is computed from the trajectory (in a typical run, we have about 1200 independent structures) as the location (ri,max21/2Dr) of maximal frequency of occupation of a given cubic volume element. The idea of the local volume treatment is depicted in Figure 9a and b for the backbone and side-chains, respectively. The volume space is discretized and divided into small boxes, (each side has length Dr = 2.6 Å ), with the origin located at the average position of each group. The probability of being in the most frequently occupied box is the fraction of time this box is occupied.
Using the local volume factorization approximation (equation (8d)), the internal partition function defined by equation (8a) for oligomer g becomes:
E(g, r) corresponds to the energy of the most probable conformation of oligomer g, and Ng is the number of groups (united atoms in the lattice protein model) in species g. While this approximation is not exact, for test energy functions having a similar character as those used here, we have found that the local volume factorization approximation gives satisfactory estimates for the partition functions; errors in the equilibrium constants are on the order of 10 to 20% (Vieth et al., 1995) . Comparison with exhaustive searches on a number of small systems indicates that the partition function of equation (9a) tends to somewhat overestimate the configurational entropy. Note that equation (9a) is exact for any system with independent groups, regardless of the nature of the energy surface. For notational convenience let us define for oligomer g, the average accessible volume per bead (defined here as the geometric mean of the product of all accessible volumes):
In other words, the mean accessible volume is equal to the three-dimensional volume element divided by the average probability of a group being in this volume element.
The internal partition function is defined as the product of the volume elements available to groups in the molecule g:
Note that P dvi /Pi,max(ri )) is related to the configurational entropy of all of the groups. The exact treatment (equation 8a)) differs from the approximate treatment (equation (9a)) by definition of the average accessible volume per group. The value of dvi should be chosen such that the energy E(g, r) remains approximately constant within the Figure 9 . a, The large circles represent the mean radius of interaction for the side-chains of residue Leu30. The small squares depict positions of the centers of mass of the side groups. The small squares depict positions of C a atoms. The broken lines indicate the boundaries of the volume elements (with sides of length 2.6 Å ). P indicates the probability (fraction of time) of a group (C a or side-chain center of mass) being in the given volume. Each of the five snapshots from the simulation trajectory is indicated by the number of the Leu30 C a (e.g. 30L2) or the side-chain center of mass (denoted by Xs for the calculation of the accessible volume for the Leu30 side-chain). Simplified depiction of the calculation of the accessible volume for the C a of Leu30. The probability of the Leu30 C a being in the most probable volume element (which need not be in the same volume element as Xa) is 3/5. b, Simplified depiction of the calculation of the accessible volume for the side-chain of Leu30. The average position of the side-chain is placed in the middle of the central box (Xs). In the case presented here, the probability of the side group of Leu30 being in the most probable volume element is 2/5. The origin of the internal coordinate system has been translated with respect to Figure 9a , so that the average position of the Leu30 side-chain center of mass is placed in the middle of the central box (Xs).
(a) (b)
corresponding 3Ng − 3 dimensional volume element. Thus, we chose the box size of dvi = (2.6 Å ) 3 for each accessible volume element. This corresponds to the mean interaction basin for the side-chains and the mean radius for the C a atoms. The most probable structure r = (r1,max . . . , rN g,max ) is calculated based on the most frequently occupied position of each of the groups during the simulation. There is no explicit correlation between the group positions that give rise to the most probable state, and this is probably why the specific conformation corresponding to the most probable state was not observed in the simulations. That is why all of the structures having root-mean-square deviation (RMSD) less than 1/2dv 1/3 i = 1.3 Å from the most probable structure r = (r1,max . . . , rNg,max) are considered to form the ensemble of structures used to construct the energy E(g, r) . The energy of the most probable structure E(g, r) corresponds to the average energy over this ensemble. Nevertheless, the average energy of the structures close in space to the most probable structure is roughly 3.5 kT per monomer (see Tables 5 and 8 ) lower than the average energy of all of the structures. This indicates that the neighborhood of the ''most probable structure' represents a local minimum in the energy landscape and that the free energy calculated using equation (9a) is an approximation to the free energy of a system located in this local minimum. The reason for the choice of the most probable structure as the most probable position of all the independent groups is as follows. For a system having two or more most isoenergetic structures, it is better to choose one of them rather than choose the average over all such structures, as the resulting conformation may in fact reside at a local energy maximum (Vieth et al., 1995) .
Free energy differences for dimer-trimer-tetramer equilibria
Let us write the difference in free energy for reaction described in equation (3a) (3Dimers : 2Trimers) in terms of the average accessible volume and energy (compare with equation (4a)). First, we define the equilibrium constant for the dimer-trimer equilibrium expressed in the number of molecules (compare to concentration equilibrium constant from equation (4b)) of dimers ND and trimers NT:
The free energy difference when dimers form trimers is:
Substituting equations (6a) and (9c) into equation (10b) we get:
The factor kln(8p 2 V) is related to the loss of the translational and rotational entropy when dimers form trimers, whereas the ratio of the accessible volumes describes the change in internal configurational entropy.
For a concentration of 2 mM (200 mM), the value of − kTln(8p 2 V/2.6 Å 3 ) is equal to − 22kT (17.4 kT ). An equivalent treatment can be done for the dimer/tetramer equilibrium:
Generation and equilibration of the starting structures
To generate the starting structures for dimeric, trimeric and tetrameric coiled coils, the initial sequence is aligned to the heptet repeat pattern with the appropriate hydrophobic residues assigned to the a and d positions. To accomplish this assignment, we use an automated algorithm that calculates the gapless inverse folding score for a given sequence being in each of seven different positions (the alignment can start from a through g in the coiled coil heptet) in an idealized dimeric coiled coil structure (J. Hirst, M. Vieth, J. Skolnick, C. L. Brooks, unpublished result). The scoring function is the sum of the hydrophobic moment, the sequence-dependent Ramachandran potential, the burial energy and the pair potential described above. The best score per sequence dictates the proper alignment of a given sequence to the heptet repeat. For the tested mutants of the GCN4 leucine zipper, the residue assignment to the a to g positions based on our automated alignment method is consistent with the Lupas algorithm (Lupas et al., 1991) as well as with the experimental data (Harbury et al., 1993) .
Next, the aligned sequence is projected onto a helical wheel. Then, the helices are built on the lattice and translated to be in the neighborhood of each other, with more or less correct registration (Harbury et al., 1993; Vieth et al., 1994a) . Equilibration of the trial structure is then initiated by on lattice Monte Carlo simulations. Side-chain contact restraints between the corresponding a and d residues, along with helical biases for the entire chain backbone, are used to generate appropriate coiled coil configurations. The left-handed supertwist of the helices spontaneously emerges during this part of the equilibration process. The resulting coiled coil conformation is subjected to 180,000 Monte Carlo cycles of unrestrained, isothermal Monte Carlo simulations (using the energy function of equation (2) and a temperature of 1.85 K). The lowest energy structure from the isothermal run is considered to be the starting structure for conformational sampling of a given mutant. We note that significant structural rearrangement can occur in the equilibration phase. For example, the II trimer with incorrectly assigned a and d positions (purposely shifted by one residue) rearranges to a trimer with correct a and d positions. The correct initial assignment of interresidue contacts, does expedite the equilibration process.
Protocol for production runs
For each mutant, every oligomer is equilibrated as described above, and then subjected to isothermal production simulations under identical conditions to those used for the equilibrium process (T = 1.85 K, energy function of equation (2)). However, to enhance the conformational sampling in the vicinity of the ''native'' conformation, we slightly modify the original Monte Carlo procedure. A given production run consists of 90 iterations, each comprised of 2000 Monte Carlo cycles. For iteration i, the starting structure is chosen to be the lowest energy structure from iteration i − 1. For each run, a total of 1800 snapshots is collected, i.e. a snapshot is taken every 100 Monte Carlo cycles. Then, a window size of 8000 (80 snapshots) is used to determine the running average energy. The plateau for the running energy is determined by two criteria. First, the running average energies computed at the end of the two consecutive windows (starting from the putative point where the energy reaches a plateau value) are required to be within 1 kT/monomer. Next, the final average energy computed from the point where the plateau is reached and all subsequent windows is also required to be within 1 kT/monomer. Figure 10 shows four plots of the running average energies computed from four different starting windows. There are a total of 22 possible starting points and the earliest snapshot that fulfills the above criteria is considered to be the starting plateau point. From this point, the average energy as well as the average accessible volumes are recomputed. In most cases, the plateau for the average energy is reached after 80,000 (equivalent to the tenth window) Monte Carlo cycles. In some cases, the plateau is never reached; these runs are discarded. In general, in the plateau region, the average RMSD of a single structure from the average structure is about 1.5 Å . Most structures reside within a 3 Å wide tube centered about the average structure. The average overlap between interchain side-chain contact maps for dimers, trimers or tetramers is 70, 75, 80%, respectively.
For each sequence (wild-type and the seven mutants) in each assumed structure (dimers, trimers, tetramers), a minimum of four production runs were performed. The free energies from four runs are averaged, and if the fifth run does not change the average values of the free energy by more than 1 kT per monomer (or roughly 1%), then the procedure is terminated. Otherwise, the procedure continues until the 1 kT per monomer convergence in the average free energy is reached.
The comparison of the free energies from the ''true'' Monte Carlo procedure with the modified procedure is presented in Table 5 for the LL mutant. The free energies were calculated in the identical manner using the methodology described below. What is clear from Table 5 is that ''true'' Monte Carlo procedure has larger average energy values, larger entropy and larger RMS fluctuations. The differences in free energies between dimers, trimers and tetramers from the ''true'' Monte Carlo results lie within 0.6 kT/per monomer of the values for the modified procedure. Recognizing that we emply a 1 kT/monomer threshold for convergence, it is apparent that the ''true'' Monte Carlo procedure give results similar to the modified Monte Carlo procedure. What is more important is that regardless of the Monte Carlo procedure used, the dominant species computed remain the same over the examined concentration regime. However, only a quarter of the ''true'' Monte Carlo runs exhibit a plateau region in the running average energy and that is why modified Monte Carlo is more ''productive'' for the purposes described in this paper.
Results
The method described in the previous section has been applied to the various oligomeric states depicted in Figure 1 for the mutants of the GCN3 leucine zipper (Harbury et al., 1993) . All helical orientations (including three antiparallel orientations of helices in tetramers) were considered for the LL mutant of the GCN4 leucine zipper. As can be seen from Table 6 , the computed free energies for the antiparallel species are considerably higher (05 kT/ monomer) than those of the parallel species. This energy difference is large enough to allow for the dismissal of antiparallel structures for this mutant. The preferential stability of parallel over antiparallel species seems to be conserved for other tested mutants (Table 6 ). Because of the invariance of destabilizing charged residues at the e and g positions in the antiparallel arrangement, we would expect this trend to hold for the other mutants as well. Thus, for all other mutants, we only examined the oligomeric equilibria between parallel dimers, trimers and tetramers. However, we ignore the possibility of higher order aggregates (i.e. pentamers, dimers of trimers, etc.), which in principle a The total free configurational energy per monomer expressed in kT units:
3 , M is the number of chains and E(g, r) is the energy of the most probable ensemble of structures.
b The average energy of ensemble of the most probable structures (per monomer) E(g, r) expressed in kT units.
c The average energy of all of the structures, computed from Monte Carlo runs. d Configurational entropy contribution of all of the groups (per monomer) calculated using the local volume factorization approximation. In this Table, we report the values of effective entropy, i.e. the effective entropy = ((Ng − 1)ln Vg − (Ng − M)ln dvi )/M, where dvi = 2.6 3 and M is the number of chains.
e The average RMSD of structures from the average structure for Monte Carlo runs. f The configurational free energy difference per monomer for the reaction D : T. g The configurational free energy difference per monomer for the reaction T : R.
could also occur (Chmielewski, 1994; Harbury et al., 1993) . Employing equations 3 to 10 for each mutant, we calculated the partitioning between dimers, trimers and tetramers. Because of the limited accuracy of our energy function as well as simplifications in the probability calculations, we restrict the calculation to the prediction of the dominant species for each mutant at a given concentration. Thus, we calculate the partioning at low (2 mM) and high (200 mM) concentration (Harbury et al., 1993 ; see, for example Table 7 ). For all cases considered, we find that over the experimentally measured concentration regime, the predicted dominant species is the same. However, in all cases, as would be expected because of the law of mass action, in the low concentration regime (about 2 mM), the population of lower order oligomers increases. , M is the number of chains and E(g, r) is the energy of the most probable ensemble of structures.
b The average RMSD of structures from the average structure for Monte Carlo runs. the predictions are in complete agreement with the experimentally determined dominant species. In the offending case of the IL mutant, trimers and dimers are assigned to be the dominant species. Experiment indicates that only dimers are present. This may reflect the inaccuracy of the potential as well as accumulations of errors in the entropy calculation (for this mutant, the entropy increases with degree of association). In the case of the VL mutant, dimeric species make a negligible contribution, and trimers are assigned to be the dominant species over the entire concentration regime. In contrast, experiment indicates that both dimers and trimers are populated (Harbury et al., 1993) . For the VI mutant, trimers are predicted to be the only species over the entire concentration regime, whereas experiment shows that multiple species are populated (Harbury et al., 1993) .
In Table 8 , the individual contributions to the free energy per monomer are shown for every mutant investigated. The contributions of the different energy terms to the total average is shown in Table 9 . From Table 8 , it is apparent that in all cases the dominant contribution to the effective entropy change (60 to 90%) comes from the side-chains; the effective entropy change for the backbone is smaller, but non-negligible. This substantial contribution of A comparison of the predictions with the experimentally determined degree of chain association is presented in Table 7 . In five out of eight cases, the backbone to the overall internal entropy change may be related to the slightly exaggerated mobility of the backbone in our model with respect to the side-chain mobility. The trend that the internal entropy of the backbone decreases with the increased degree of oligomerization is intuitively reasonable, but in real systems, the magnitude of the internal entropy change is probably smaller, and the dominant contribution to the internal entropy change comes from the side-chains (Novotny et al., 1989) . Since the exposed surface area is larger for the lower order oligomers, these structures possess more exposed side-chains, whose effective configuration entropy is larger. The greatest contribution to the entropy (largest accessible volume) comes from the C-terminal ends of the molecules. This prediction is consistent with the crystal structures of the wild-type dimer and the LI tetramer. In both cases, the last two C-terminal residues are highly disordered (Harbury et al., 1993; O'Shea et al., 1991) . In the case of the wild-type GCN4 leucine zipper, trimers are favored energetically (we use a constant volume, number particles and temperature ensemble) and disfavored entropically. In the wild-type, trimers are more stable by about 2 kT/monomer than dimers, but over the experimental concentration regime only dimers are predicted. A plot of the energy per residue is presented in Figure 11 for the wild-type dimer (a) and trimer (b). In addition, the N16V mutant ( = VL) is also depicted. It is interesting to note that according to the calculation of the energy per residue, Asn in fact destabilizes the trimer locally (residues 14 to 18) (by 6.1 kT per monomer plus a constant value that reflects the effect of the mutation on the unfolded state). The local destabilization of Asn in the dimer is smaller (by 4.1 kT per monomer plus a constant value that reflects the effect of the mutation on the unfolded state) for residues 14 to 18. Other parts of the wild-type trimer play a stabilizing role, and thus, compensation effects are present. These calculations indicate that the effect of a single point mutation is not local, but propagates for at least one helical turn. This is in agreement with studies (Holtzer & Holtzer, 1990 ) on tropomyosin fragments, where compensation effects are also present. We find that the N16V mutation stabilizes trimers more than dimers by roughly 2.8 kT per monomer. This number can be obtained by subtracting the difference in free energy of trimers of the VL mutant and wild-type from the difference in free energy dimers of VL and wild-type (data from Table 6 ).
We observe that trimers and tetramers prefer Leu in the a position. Ile in this position favors trimers and destabilizes tetramers. For the seven mutants of the GCN4 leucine zipper, Figure 12a (b) shows a plot of the total energy difference between dimers and trimers (trimers and tetramers) as a function of the sum of the pair energy, template energy and local-side chain orientational energy difference and the pair energy difference alone. The sum of the three above terms is highly correlated (with a correlation coefficient, R = 0.99) with the total difference in energy. This suggests that three specific terms (pair energy, template energy and local side-chain orientational energy) fully determine the energetics of the switch between two, three and four-stranded coiled coils. If one were to assign the single most important energetic contribution to the switch based on our simulations, then the pairwise energy would be the most important, since this is the only term which in and of itself is well correlated (R = 0.92 to 0.94) with the total energy change (see Figure 12a and b). The correlation coefficient of the template energy change with the total energy change is 0.60 in the dimer-trimer equilibria, and 0.74 for trimer-tetramer equilibria. The corresponding values for sidechain orientational preferences are 0.74 and 0.22, respectively.
Our calculations also suggest that short-range, intrinsic secondary structure preferences (hydrophobic moment) favor lower order oligomers. Furthermore, the reduction in side-chain effective entropy on burial in the core of trimers and tetramers also acts to favor lower order oligomers (Table 8) . The long-range interactions (burial preferences, cooperative side-chain packing interactions, and side-chain pairwise interactions, the last being the most specific) favor higher order oligomers. In higher order multimers, side-chains in the core (a and d residues) are more buried and experience additional favorable hydrophobic interactions. The competition between short-range and long-range interactions and the effective side-chain entropy change are the major factors that determine the dominant species for the mutants studied here. Harbury et al. (1993) have explained the different stabilities of various GCN4 mutants based on the preferential relative angular packing of different side-chains. In the known crystal structure, parallel packing occurs at the a positions in tetramers and d positions in dimers, whereas perpendicular packing occurs at the a positions in dimers and d positions in tetramers. Acute packing is exhibited by trimers. They argue that Ile and Val side-chains prefer to pack in the perpendicular or acute fashion, and Leu in the parallel fashion. This is perhaps the reason why LI forms trimers, IL tetramers and II trimers. In our model, however, the related term (see rotamer population, Table 10 ) does not exhibit such a trend. Our explanation of specificity is based on the competitive effects of the pairwise interactions, side-chain packing (long-range interactions favor higher order species) and side-chains orientational packing preferences E b (short-range interactions favor lower order oligomers) together with the loss of configuration entropy (which favors lower order oligomers). As indicated in Tables 8 and 9 , the changes in other energetic and entropic terms upon change of the association state show trends that do not depend strongly on sequence. It is interesting, however, to analyze the Leu and Ile rotamer population in the a and d positions in various oligomers. Table 10 shows the simulation results for the frequencies of occurrence of the three most populated database rotamers of Leu and Ile in the interfacial positions. For the a position, in 11 out of 12 cases the most statistically populated rotamer in the database is also the most populated in our The most populated rotamer is shown in bold and the rotamers are presented in decreasing population in the database.
a The predicted equilibrium species.
mous referees for suggesting clarifications of some points presented in this paper. This work was supported in part by NIH grants GM-38794, simulations (the exception is Leu in the a position in LI tetramer). For the d position, in eight out of 12 cases, the statistically most populated rotamer is also the most populated in our simulations. All five exceptions are caused by the Leu residue. In our simulations, Leu exclusively populates the second most statistically populated rotamer in the d position in trimers. Thus, on average we see the population of the statistically most favorable rotamer in the majority of species, and there is no selection based on the lowest energy of rotamers. This observation is inconsistent with suggestion of Harbury et al. (1993) . However, in reduced protein models, this inconsistency may be due to the fuzziness of the simplified representation of side-chains.
Conclusion
In this paper, we have presented a new application of the Mayer & Mayer (1963) approach to calculate the equilibrium constant between dimeric, trimeric and tetrameric coiled coils. This approach combined with a lattice protein model was used successfully to predict the state of association of different mutants of the GCN4 leucine zipper. Local interactions were found to stabilize lower order oligomers, whereas tertiary/quaternary interactions stabilize higher order oligomers. In most cases, the internal entropy of side-chains was found to stabilize low order oligomers. The main differences in the population of different oligomeric species of various mutants come from the interplay between different interaction environments for the a and d positions in dimers, trimers and tetramers, differential packing preferences and the effective entropy change associated with side-chain burial.
